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Disperse fine equiaxed α-Al 2 O 3 nanoparticles (NPs) are important materials for applications such as cancer therapy 1 , abrasive polishing 2 and nanocomposite materials 3 . Disperse fine equiaxed α-Al 2 O 3 NPs with narrow size distribution are essential raw materials for sintering nanocrystalline α-Al 2 O 3 ceramic which may exhibit low temperature ductility like nanocrystalline CaF 2 and TiO 2 ceramics with an average grain size of 8 nm showing large plastic deformations at 80 and 180 °C respectively 4 and nanocrystalline TiO 2 ceramic with an average grain size of 40 nm showing a large true strain of − 0.6 at 800 °C 5 . Many efforts have been made to synthesise disperse fine equiaxed α-Al 2 O 3 NPs with sizes below 15 nm and narrow size distribution [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Johnston et al. reported γ-Al 2 O 3 NPs of 5-14 nm in size prepared by reactive laser ablation of aluminum in oxygen, but upon transformation into α-Al 2 O 3 at 1200 °C, the particles grew to large particles of about 52 nm 6 . 20 . So the synthesis of disperse fine equiaxed α-Al 2 O 3 NPs smaller than 15 nm with narrow size distribution is extremely difficult and remains a challenge so far.
In this article, we present the successful synthesis of disperse fine equiaxed α-Al 2 O 3 NPs with different average particle sizes below 10 nm and narrow size distribution widths by the refined fractionated coagulation separations of disperse equiaxed α-Al 2 O 3 NPs with a wide size distribution width. Disperse equiaxed α-Al 2 O 3 NPs with a wide size distribution width were prepared by removing the matrixes in the α-Al 2 O 3 -NPs-embedded composites through selective corrosion. The α-Al 2 O 3 -NPs-embedded composite powders were synthesised by mechanochemical method. Our primary sintering experiments demonstrate that green compacts of the α-Al 2 O 3 NPs with an average particle size of 7.9 nm and a size distribution width of 4-14 nm were sintered to an almost fully dense nanocrystalline α-Al 2 O 3 ceramic with a relative density of 99.5% and an average grain size of 60 nm by a non-optimised two-step pressureless sintering.
Results
To prepare disperse fine equiaxed α-Al 2 (Fig. 1a) , Tables S1 and S2 ), is 99.6% (mass percent) though the starting Al and Fe 2 O 3 powders only have a purity of 99.0% (mass percent).
Disperse equiaxed α-Al 2 O 3 NPs, obtained by removing the Fe matrix in the α-Al 2 O 3 -NPs-embedded composites through selective corrosion, have a small average particle size of 14.3 nm but a quite wide size distribution width from 2 to 250 nm (Fig. 2c) . For many applications, for example, sintering dense nanocrystalline ceramics, a narrow particle size distribution width is desired because large particles will grow at the expense of small particles (Ostwald ripening) during sintering [21] [22] [23] , resulting in coarse-grained ceramics rather than expected nanocrystalline ceramics. To obtain disperse fine equiaxed α-Al 2 O 3 NPs with a narrow size distribution width, the disperse equiaxed α-Al 2 O 3 NPs with a wide size distribution width of 2-250 nm should be size-selectively separated. Fractionated coagulation was applied to separate Au NPs of 7.5 and 80 nm using NaNO 3 as coagulating agent 24 . The critical coagulation concentration decreases when the particle size increases 24 . The disperse equiaxed α-Al 2 O 3 NPs with a wide size distribution width of 2-250 nm were size-selectively separated by refined fractionated coagulation (Methods). Here refined fractionated coagulation refers to fractionated coagulation by decreasing the concentration Fig. S4 ). The XRD analysis of the α-Al 2 O 3 NPs with an average size of 7.9 nm shows the broad diffraction peaks of pure α-Al 2 O 3 ( Supplementary Fig. S5 ). The average grain size estimated from the XRD peak widths using Scherrer equation is 7.5 nm, close to the average particle size of the α-Al 2 O 3 NPs (7.9 nm) determined statistically by TEM analysis. The specific surface area of the α-Al 2 O 3 NPs with an average size of 7.9 nm, measured by N 2 adsorption at 77 K using the Brunauer-Emmett-Teller (BET) method ( Supplementary Fig. S6 ), is 170 m 2 /g. To check the sintering activity of disperse fine equiaxed α-Al 2 O 3 NPs with narrow size distribution widths (separated by refined fractionated coagulation), our disperse fine equiaxed α-Al 2 O 3 NPs were pressed into green compacts and sintered (Methods). Chen at al. developed the two-step pressureless sintering method to suppress the final-stage grain growth and sintered dense nanocrystalline Y 2 O 3 ceramic with a grain size of 60 nm 25 . Our α-Al 2 O 3 green compacts pressed from the α-Al 2 O 3 NPs with an average particle size of 7.9 nm and a size distribution width of 4-14 nm at 600 MPa were sintered in air by a two-step sintering (heating to 1,230 °C without hold, then decreasing to 1,080 °C with a 40 h hold). The SEM observations and Archimedes measurements reveal that the sintered bodies have a relative density of 99.5%, an average grain size of 60 nm and a grain size distribution width of 20-130 nm (Fig. 4 and Supplementary Fig. S7 ). This two-step pressureless sintering process (1,230 °C-1,080 °C for 40 h) was not optimised, yet the sintered nanocrystalline α-Al 2 O 3 ceramic exhibits a relative density as high as 99.5% and an average grain size as small as 60 nm.
Discussion
The disperse fine equiaxed α-Al 2 O 3 NPs separated by refined fractionated coagulation have narrow size distribution widths and average particle sizes below 10 nm, much smaller than the particle sizes of disperse equiaxed α-Al 2 The almost fully dense nanocrystalline α-Al 2 O 3 ceramic with a relative density of 99.5% and an average grain size of 60 nm, sintered from the disperse fine equiaxed α-Al 2 O 3 NPs with a narrow size distribution width by two-step pressureless sintering (1,230 °C-1,080 °C for 40 h), exhibits the finest average grain size for a 99.5% dense nanocrystalline α-Al 2 O 3 ceramic (compared with a relative density of 99.5% and an average grain size of 350 nm 10 or a relative density of 95% and an average grain size of 70 nm 30 ) achieved so far by pressureless sintering. Therefore, disperse fine equiaxed α-Al 2 O 3 NPs with narrow size distribution widths, prepared by our mechanochemistry-selective corrosion-refined fractionated coagulation separation approach, show a high sintering activity. Moreover, the successful pressureless sintering of an almost fully dense nanocrystalline α-Al 2 O 3 ceramic with an average grain size as fine as 60 nm, from the disperse fine equiaxed α-Al 2 O 3 NPs with a fine average particle size and a narrow size distribution width, reveals that disperse fine equiaxed α-Al 2 O 3 NPs with a fine average particle size and a narrow size distribution width are an essential prerequisite for the pressureless sintering of dense nanocrystalline α-Al 2 O 3 ceramic with a fine grain size.
In summary, this work presents a simple approach to synthesis of disperse fine equiaxed α-Al 2 O 3 NPs with average particle sizes below 10 nm and narrow size distribution widths. Disperse fine equiaxed α-Al 2 O 3 NPs with average particle sizes below 10 nm and narrow size distribution widths were separated from disperse equiaxed α-Al 2 O 3 NPs with a wide size distribution width by refined fractionated coagulation. Disperse equiaxed α-Al 2 O 3 NPs with a wide size distribution width were prepared by removing the matrixes in the α-Al 2 O 3 -NPs-embedded composites through selective corrosion. The α-Al 2 O 3 -NPs-embedded composite powders were synthesised by mechanochemical method. The green compacts of α-Al 2 O 3 NPs with an average size of 7.9 nm and a size distribution of 4-14 nm were sintered by a non-optimised two-step pressureless sintering to a almost fully dense nanocrystalline α-Al 2 O 3 ceramic with a relative density of 99.5% and an average grain size of 60 nm, the finest grain size achieved so far by pressureless sintering. Our mechanochemistry-selective corrosion-refined fractionated coagulation separation approach may be scaled up for large-scale production of disperse fine equiaxed α-Al 2 O 3 NPs with average particle sizes below 10 nm and narrow size distribution widths. with finest particle sizes and lowest impurity contents as well as for a reasonable production efficiency (See Supplementary Information for experimental details) . The optimised ball milling conditions are a main disk rotation speed of 300 rpm, a BPR of 20:1 and a milling duration of 20 h.
Methods
To remove the Fe matrixes (and other metal impurities from the vials and balls of the ball mill) in the composite powders and to obtain pure α-Al 2 O 3 NPs, the ball-milled composite powders synthesised by high-energy ball milling were corroded with 12 mol/L hydrochloric acid at room temperature for 10 h and centrifuged. This room temperature acid corrosion was repeated totally three times. Then the powders were corroded with 4 mol/L hydrochloric acid in sealed hydrothermal synthesis reactors at 120 °C for 10 h (See Supplementary Information for experimental details) .
In order to obtain disperse fine equiaxed α-Al 2 O 3 NPs with narrow size distribution widths, the disperse equiaxed α-Al 2 O 3 NPs obtained by selective corrosion were size-selectively separated by refined fractionated coagulation using hydrochloric acid as a coagulating agent. The disperse fine equiaxed α-Al 2 O 3 NPs with an average particle size of 14.3 nm and a size distribution width of 2-250 nm were suspended in deionised water in ultrasonic bath and centrifuged at 10000 rpm to remove α-Al 2 After centrifuging, washing and drying of the deposited powder, the α-Al 2 O 3 NPs with average particle sizes of 5.2 nm were obtained. In similar ways, the mother powders of the previous refined fractionated coagulation separations were suspended in order in the HCl solutions of 1.2, 1.0 and 0.8 mol/L concentrations, and the α-Al 2 O 3 NPs with average particle sizes of 6.5, 7.9 and 9.6 nm were separated respectively.
The α-Al 2 O 3 NPs with an average particle size of 7.9 nm and a size distribution width of 4-14 nm were pressed into green compacts at 600 MPa. The green compacts were heated in air at a heating rate of 10 °C/min to 1,230 °C without hold, then cooled at a rate of 5 °C/min down to 1,080 °C with a 40 h hold and finally cooled at a rate of 10 °C/min down to room temperature.
Phases in α-Al 2 O 3 -NPs-embedded composite powders, α-Al 2 O 3 NPs obtained by removing the Fe matrix in the composites and α-Al 2 O 3 NPs size-selectively separated by refined fractionated coagulation were examined by XRD analysis. The morphology, microstructure and lattice structure of α-Al 2 O 3 -NPs-embedded composite powders, α-Al 2 O 3 NPs obtained by removing the Fe matrix in the composites and α-Al 2 O 3 NPs size-selectively separated by refined fractionated coagulation were analysed by TEM (or HRTEM) observations. SAED analysis was performed during TEM analysis. The average particle size and size distribution of the α-Al 2 O 3 NPs obtained by removing the Fe matrix in the composites were statistically determined from more than 5000 particles observed in the TEM images of the different areas of the samples. The average particle sizes and size distributions of the α-Al 2 O 3 NPs size-selectively separated by refined fractionated coagulation were statistically determined from more than 1500 particles observed in the TEM images of the different areas of the samples. The compositions of α-Al 2 O 3 NPs were determined by EDS and ICP-AES elemental analyses. The specific surface areas of the α-Al 2 O 3 NPs were measured by N 2 adsorption at 77 K using the BET method. Before the BET measurements, the powder samples were degassed at 200 °C for 5 h. Relative densities of the green compacts and sintered bodies were measured by Archimedes' method. Microstructure of sintered bodies was analysed by SEM observations. The average grain size and grain size distribution of sintered nanocrystalline α-Al 2 O 3 ceramic samples were statistically determined from about 1000 grains observed in the SEM images of the different areas of the samples.
